Feasibility of designing composites from carbon nanotubes and nanodiamond clusters is discussed based on atomistic simulations. Depending on nanotube size and morphology, some types of open nanotubes can be chemically connected with different facets of diamond clusters. The geometrical relation between different types of nanotubes and different diamond facets for construction of mechanically stable composites with all bonds saturated is summarized. Potential applications of the suggested nanostructures are briefly discussed based on the calculations of their electronic properties using environment dependent self-consistent tight-binding approach.
Introduction
The emerging field of nanoengineering requires the design of nanoscale structures that have controllable physical and chemical properties, and that can be constructed from readily accessible building blocks such as, for example, nanodiamonds and nanotubes. Nanodiamonds and carbon nanotubes are unique structures that have diverse electronic properties depending on their size and morphology and that can be produced in bulk quantities. The feasibility of designing structures composed of nanodiamond clusters and carbon nanotubes as well as some of their electronic properties will be discussed in the paper.
Carbon nanotubes of 1-50 nm in diameter and typically a few microns long can be synthesized by several methods such as laser vaporization, arc discharge, pyrolysis and chemical vapor deposition techniques 1 . The electronic structure of a single-wall carbon nanotube is either metallic or semiconducting, depending on its diameter and chirality 2 . The energy gap of semiconducting carbon nanotubes can be varied continuously from ~1 eV to ~0 eV, by varying the nanotube diameter. Although not efficient yet for a mass production, a technique using atomic force microscope to manipulate single nanotubes in a controlled way had been developed 3 . The capability of cutting a nanotube as well as changing it's position, shape and orientation had been also demonstrated.
presence of amorphous carbon 'coat' with different sp2-carbon content is the dominant factor of tuning the band gap value up to its full disappearing 7 . Thus, the carbon-based building blocks with versatile properties can be considered for design of different nanostructures. An experimental evidence of a nanotube, perpendicularly attached to a diamond surface was reported by Kuznetsov et al. 8 . The structure was formed during annealing of diamond particles of micron size. Very recent results of simultaneous growth of hybrid structures of diamond crystallite and carbon nanotubes at the same substrate by plasma-enhanced CVD process had been reported by Ayres et al. and Avigal et al. 9 . The structures were not ordered, however. In work related to that presented here, several specific closely matched diamond-fullerene nanotube interface structures have been modeled. Sinnott and coworkers, for example, used atomic simulations to model bonded interfaces between diamond {111} surface planes and (6,0) fullerene nanotubules 10 . For a sufficiently high density of bonded nanotubes, these structures are predicted to have elastic moduli comparable to diamond but at a lower overall density. The generalized rules for bonding nanotubules to the surfaces of diamond structures had been discussed in details by Shenderova et al. 11 . These rules were derived based on geometrical considerations in combination with energies and stresses estimated from atomic modeling using an analytic potential function. It was concluded that a wide array of such structures could be produced that are mechanically and chemically stable.
In the current paper classes of possible nanodiamond/nanotube hybrid structures are summarized. Nanotechnology applications of the suggested composites such as electronic devices and field emitting arrays are briefly discussed.
Simulation Techniques
Identifying potentially stable bonding interface structures requires determining sites available for bonding at an edge of an open nanotube and those on a free diamond surface such that the maximum number of bonds between the two structural components are formed. To initially define general geometrical trends that fulfill this requirement between different types of carbon nanotubes and (111) and (001) diamond surfaces, the TurboCad® software was used. This software allows various in-plane translations and rotations of geometrical objects, and facilitates visual analysis of the possible hybrid structures. Figure 1 illustrates the results of such analysis for zigzag nanotubes and (111) diamond surface. After being generated with TurboCad® , all of the structures reported below were relaxed to their minimum energy configurations using an analytic many-body bond-order potential energy function for hydrocarbons 12 that mimics bonding in carbon systems for a wide range of atomic hybridizations. Electronic properties of the relaxed hybrid structures were calculated self-consistently using an environment-dependent tight binding model for hydro-carbons 6, 7 . This model reproduces the bulk diamond band gap and provides qualitative descriptions of the bulk diamond and graphite band structures. Details on the C-H tight binding parameterization are given in references 6, 7 .
Nanodiamond/Nanotube Structures: Geometrical Compatibility
Regularly shaped diamond micro-particles (for example, cubo-octahedrons) typically exhibit (001) and (111) facets. Recently, diamond nanoparticles of 5 nm in diameter with noticeable (111) facets had been also observed 13 . Thus, possibilities of bonding of nanotubes with (001) and (111) diamond surfaces are summarized below. The analysis is restricted to nanotubes perpendicularly attached to the diamond facets. This restriction requires that the plane of an edge of an open nanotube be perpendicular to the tube axis. Only zigzag and armchair types of nanotubes were considered because all dangling bonds of the nanotube edges are within the same plane, and the bond density is high as compared to chiral nanotubes. The high bond density presumably results in strong bonding for zigzag and armchair nanotubes as compared to chiral structures. (111) diamond surface and zigzag nanotubes. Dots connected by solid lines correspond to the atomic sites available for bonding at nanotube edges. Crosses correspond to atomic sites at the (111) diamond surface. Dashed lines connect sites on the diamond surface participating in the bonding with the specific nanotube. Stars at the contours of nanotubes (e,f) denote the dangling bonds at the interface diamond/nanotube after the nanotube attachment.
Bonding between zigzag nanotubes and diamond clusters
A wide variety of zigzag nanotubes can be attached to the (111) diamond surface with all bonds at the interface saturated. According to the pattern of sites available for bonding on the (111) diamond surface, it is possible to connect sites in a shape of a polygon with any number of segments N (starting with N = 3) of equal lengths D a =2.52 Å. To obtain chemical bonding between a (n,0) nanotube and the corresponding N-sided polygon formed by dangling bonds on a diamond surface, the shape of the polygon should be as close as possible to circular to mimic that of a nanotube edge. The total mismatch between a nanotube of perimeter L T and the perimeter of a polygon on the diamond surface L D would be:
where the distance between sites available for bonding at the edge of a zigzag tube (n,0) depends on the tube parameter n as:
The parameter a Gr = 2.46 Å is a distance between atomic sites at the zigzag edge of graphene. For example, the total mismatch for a (6,0) nanotube is 6.7%, while that for (24,0) nanotube would be only 2.6%. Such strain, and even higher values as shown below, can be easily accommodated by the nanotube because of its high flexibility.
Second to total mismatch, which just reflects the changing of the inter-site distance at a tube edge as the tube curvature is changed, the most important feature determining stability is local mismatch. The local mismatch can be defined as the distance between a vertex of a polygon on a diamond surface and the point of the projection of a corresponding atom from a nanotube edge (Fig. 1) . As it can be seen from the Fig. 1 , some of the interface bonds are more locally deformed for nanotubes of bigger radius, so indicating higher local mismatch. For (6,0) and (24,0) nanotubes this local mismatch would be 0.17 Å and 0.68 Å, respectively. A particular local mismatch can be more easily accommodated if a nanotube diameter is large because strain can be redistributed among a larger number of bonds of neighboring atoms. In addition, as discussed above, nanotubes with bigger radii posses less total mismatch with a polygon formed by atomic sites on a diamond surface, so that the interface energy of the relaxed structures is less for nanotubes with larger radii (Table 1) .
Six distinct groups of nanotubes with different geometrical rules of bond formation had been identified depending on a parameter n of an (n,0) nanotube (Fig. 1) . Detailed discussion of bonding rules for these groups of nanostructures is provided in Ref. (11) .
Thus, a relatively wide variety of types of nanotubes can be attached to (111) diamond facet due to the low mismatch between sites available for bonding at the (111) surface and those at a zigzag tube edge. Another important factor is a high density of surface sites on the (111) diamond surface that posses six-fold symmetry and thus every surface atom has six neighbors in a plane. This provides more flexibility for curving a line of attachment of a sheet of graphene to the surface. This line can be deviated from a straight line by 30° or 90° without changing the distance between sites available for bonding. For the (100) diamond surface the situation is less favorable. Due to the four-fold symmetry of the surface sites at a (100) surface, deviation of a line of attachment from a straight line without changing the distance between sites available for bonding is possible through curving by 90° only. Another possible deviation by 45° is accompanied by changing the inter-site distance by a factor of √2. While this strain can still be accommodated by a nanotube the interface energy of the structures containing such segments is noticeably higher than for other structures.
After analyzing numerous possibilities for bonding (100) surfaces (both unreconstructed and reconstructed) with different types of zigzag nanotubes, it was concluded that it is not possible to develop general schemes for tube attachment as in a case of the (111) surface and zigzag nanotubes (Fig. 1 ). There are a limited number of zigzag nanotubes that can be attached to a (100) diamond surface with all bonds at the interface saturated (by surface reconstruction or through adding hydrogen). Examples of such hybrid structures include (6,0), (8,0), (12,0), (16, 0) and (18,0) nanotubes on diamond (100) surface. Relaxed hybrid structure between a (100) facet of truncated octahedron diamond cluster and the (12,0) nanotube is illustrated in Fig. 2 . Although the interface energies for these nanotubes and the (100) diamond surface are higher those for the nanotubes and the (111) diamond surface, they are still reasonable (Table 1) .
Bonding of armchair nanotubes with diamond clusters
An armchair nanotube has sites alternating from 1.42 to 2.84 Å along the edge. Sites available for bonding at the (111) diamond surface are uniformly distributed and their pattern is not favorable for bond formation with an armchair nanotube. However, there exists a particular diamond cluster, called a pentaparticle, which has a surface pattern consisting of five (111) surfaces separated by twin grain Table1. Energetic characteristics and bond lengths at nanotube/diamond interfaces. Values in parentheses for bond lengths correspond to the number of bonds of the given length at the interface. In the column 'nanotube' value in parentheses corresponds to energy per atom in relaxed single nanotube (reference point for the interface energy calculations). (4) d.b.* -dangling bond. ** -(12,0) nanotube was attached to the dimerized diamond surface (Fig. 2) . a -values in parenthesis correspond to a structure with hydrogen atoms attached to the (5,5) nanotube atoms near the interface to decrease the energy. boundaries and an axis of symmetry oriedegreesnted along the <110> direction. Diamond pentaparticles have been observed experimentally as free standing structures resulting from vapor phase growth 14 as well as five-fold microcrystals embedded in chemical vapor deposited diamond films 15 . Sites available for bonding at the intersection of twin boundaries with a surface are only about 1.55 Å away from each other. The distance between other sites available for bonding on (111) diamond surfaces is about 2.54 Å. Thus a pattern of sites available for bonding on a surface of a pentaparticle mimics that at an edge of the armchair (5,5) nanotube. The total mismatch is about -4.1%. Energetic characteristics of the interface are summarized in Table 1 . A relaxed hybrid structures constructed from (5,5) nanotubes and penta-particles are illustrated in Fig. 3. 
Potential applications of hybrid structures
One of the possible applications of the tube/nanodiamond composite, illustrated in Fig. 3 , may be tips for a field emitting display. Currently nanotubes have potential as a field emitting material due to the high aspect ratio and good mechanical stability. Recent experiments with single-wall and multiwall carbon nanotubes have demonstrated satisfactory current at relatively low operation voltage 16 . Moreover, flat panel displays fabricated with aligned bundles of carbon nanotubes as emitters have been also demonstrated 16 . According to the present tight binding simulations, the work functions of a single closed nanotube and a single nanotube with an edge terminated by hydrogen are about 4.5-5 eV. The barrier at the back contact of the diamond cluster/metallic nanotube varies from 4.5 to 2-3 eV depending if a nanodiamond cluster consists of pure diamond phase (Fig. 4a, b) or contains tetrahedrally coordinated (ta-C) carbon phase (Fig. 4b, c) . Taking into account the negative electron affinity at the hydrogenated surface of a diamond cluster 6, 7 , resulting emission barrier for the hybrid structure is comparable or lower then that for a single nanotube. Calculations also indicate the presence of the wave functions with energies near Fermi level which are continuously extended along both nanotube and diamond cluster. This enhances possibility of current flow from the nanotube to a diamond cluster. Probably, the major advantage of the above design of a nanotube capped with a nanodiamond particle may be reducing of tube erosion resulting in increased device lifetime. Indeed, during emission from a single nanotube current density at the emission sites at the nanotube end is relatively high while for a structure capped with a nanodiamond there are more emitting sites available resulting in less current density. In addition, hydrogenated diamond surface is more mechanically stable then strength of bonding of atoms at the nanotube end. Extended results on the emission properties of the hybrid structures will be published elsewhere 7 . Of particular interest for nano-lithography applications is fabrication of arrays of electron guns using carbon-based materials 17 . Nanotubes perpendicularly attached to a surface of diamond film might be candidate structures with good bonding between components, assuming that electron supply into substrate is provided. The above analysis selects candidate nanotubes which can be attached to a particular low-index diamond surface.
One of the current carbon nanotubes applications is proximal probe tips. They are either formed as by gluing the nanotube to the Si cantilever or by growing them at the cantilever directly through a CVD process. A nanotube forming strong chemical bonds with a diamond cantilever can be a good candidate for a proximal probe tip.
Finally, the hybrid structure consisting of a short nanotube sandwiched between two diamond clusters (Fig. 5a) , mimic a double barrier structure of the resonant tunneling diode 18 . Because of the finite tube length, the energy of the confined electron level in a short nanotube is higher then the Fermi level of the conducting nanotubes which can be attached to the external facets of the diamond clusters to form a circuit. More over, the energy of the confined electron level can be varied through variation of nanotube length and morphology (Fig. 5b) . These results are consistent with those by Rochefort et al. 19 obtained with ab-initio and semiempirical quantum computational techniques. The present tight binding simulations also demonstrate the penetration of the nanotube wafe function into the diamond cluster, what ensures the finite probability for electron tunneling through the cluster to the confined level at particular applied voltage.
While developing hypothetical structures for nanotechnology applications, it is always important if fabrication of these structures is practically accessible. The hybrid structures discussed above can, in principle, be synthesized by manipulating of diamond clusters with a proximal probe tip with a nanotube mounted at the end of the tip. While this way of assembling of nanoscale building blocks would be a powerful tool to test a concept, however it is not suitable for the mass production.
One of the more practical ways for fabrication of the suggested hybrid structures might be electrophoresis/dielectrophoresis techniques, involving directional movement of charged/polarized particles in the suspensions under nonuniform electric field. These techniques had been successfully used for deposition of nanodiamond powder on arrays of silicon tips for cold cathode fabrication 20 . Similar to this, a deposition of nanodiamond powder on the arrays of carbon nanotubes can be considered. The growth of nanotube arrays oriented perpendicular to a substrate had been demonstrated earlier, for example, by Dai et al. 21 . Similarly, it can be expected that in a suspension of nanodiamond particles and open nanotubes in organic liquids, under applied electric field there will be dipoles formation along carbon nanotubes which will interact with charged diamond particles and form hybrid structures.
Conclusion
It had been demonstrated, that depending on a nanotubes morphology, some types of open nanotubes can be chemically connected with different diamond surfaces, atom to atom. Structures without dangling bonds at the interface can be formed, what is important for the nanoelectronics applications, because dangling bonds at the interface can trap electrons and suppress conductivity through the interface. Thus combining metallic or semiconducting nanotubes with diamond clusters or substrates, different types of heterojunctions can be designed for the carbon-based nanoelectronics applications.
The results of atomistic simulation also indicate that significant lattice mismatches between a diamond surface and a nanotube can be accomodated by a nanotube due to its high flexibility. Thus, in principle, chemically bonded hybrid structures between selected nanotubes and silicon carbide surface can be also considered.
Results of the present study are also related to the concept of molecular manufacturing using carbon-based structures 22 . Figure 5 . Resonant tunneling structure consisting of a nanotube sandwiched between diamond clusters which, in other turn are connected with conductors (shown schematically). DEc is the conduction band offcet, Econv is the energy of the confined electron level in the sandwiched nanotube. Fig.5b illustrates the dependence of a band gap of a nanotube on its length and type.
